Background: Autologous chondrocyte implantation (ACI) using tissue-engineered cartilage is a successful therapy for fullthickness cartilage lesions in the knee joint. However, in vivo graft maturation is still unclear.
Autologous chondrocyte implantation (ACI) has now been used for almost 20 years for the treatment of multilayer, circumscribed cartilage defects. Based on the Brittberg et al 5 technique of classic ACI with a periosteal flap (p-ACI), a new generation of chondrocyte transplantation was created. Now, almost 20 years later, modified techniques have changed the safety and efficiency of this method for the treatment of large circumscribed cartilage defects in the knee joint. Matrix-based ACI (mb-ACI) is an advancement of the classic p-ACI technique in which the chondrocytes are seeded on an absorbable matrix. This method has the advantage of a stable and 3-dimensional arrangement of the chondrocytes in the cartilage defect and allows a simplification of surgical handling. Several clinical long-term studies have verified the benefit of the mb-ACI technique. 2, 3, 10, 14, 20 Magnetic resonance imaging (MRI) is the method of choice for the evaluation of articular cartilage in the knee 4 and has been shown to be sensitive to morphological alterations at cartilage repair sites and for comparison with a healthy area. 6, 8, 12, 13 T2 mapping is a new MRI method used to determine the collagen structure and water content. 6, 8, 12, 13, 29 It has been useful in the characterization of cartilage and long-term tracking in several studies. 6, 13 The noninvasive T2 relaxation time measurement permits the determination of the cartilage structure, analyzing the water and collagen content. Therefore, registered harmonization of the T2
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The duration of ACI graft maturation has not been verified in studies yet. Clinical and radiological diversity in maturation has been described in detail elsewhere. 11, 24, 25, 30 These studies analyzed the maturation of mb-ACI with high-resolution MRI without analyzing the biochemical properties and cartilage structure with T2 mapping.
The aim of this study was to analyze in vivo graft maturation after ACI in the knee with objective T2 mapping of the ACI grafts within a 3-year postoperative course. We also analyzed the clinical relevance of ACI graft maturation using a correlation between the clinical outcomes evaluated with International Knee Documentation Committee (IKDC) scores and T2 relaxation times. Our hypothesis was that ACI leads to healthy and stable cartilage regeneration, with cartilage properties that are similar to the collagen structure and water content of the native surrounding cartilage.
MATERIALS AND METHODS

Patients
In this study, 13 patients with isolated cartilage defects of the knee were treated with the mb-ACI technique. These cases were treated between 2004 and 2007 and were included in a previous study. 18, 21 With institutional review board approval, these patients were examined clinically and radiologically within 6, 12, 24, and 36 months postoperatively. The cartilage defects were arthroscopically classified as Outerbridge grades III and IV. The mean 6 SD area of the cartilage defects measured 5.6 6 1.3 cm 2 . Cartilage defect localizations were distributed as the following: 53.8% (n = 7) of the treated cartilage defects were on the medial femoral condyle (anterior-central), 15.4% (n = 2) were on the lateral femoral condyle (anterior-central), and 30.8% (n = 4) were retropatellar.
The inclusion criteria of the study were patients with local cartilage defects classified as Outerbridge grades III and IV, between 2 and 15 cm 2 in size, and age between 16 and 50 years with intact menisci and ligaments. Patients also showed a mechanical axis below 5°. All patients had full clinical and MRI data values from 6 to 36 months. Patients with osteoarthritis of the knee, joint instability, arthritis, corresponding chondral defects, or more than 2 focal cartilage defects and patients with incomplete data from clinical (n = 7) and MRI (n = 21) examinations were excluded from the study.
All cartilage defects were treated with a biphasic collagenous scaffold (Novocart 3D, TETEC AG). As a first step, 2 or 3 osteochondral plugs were taken from the intercondylar notch. These plugs were placed in a sterile nutrient solution and were sent to the manufacturer. After a cultivation time of approximately 4 weeks, the ACI grafts were implanted. After a perioperative antibiotic prophylaxis, the knee joint was exposed by parapatellar arthrotomy. Cartilage defects were debrided with curettes and prepared with punches. After careful debridement with preparation of a stable cartilage rim, the cartilage defects were measured in size. Then, the chondrocyte-seeded scaffolds were cut and inserted into the cartilage defect. Absorbable sutures were used to fix the ACI graft in the defect. Fibrin glue was not used.
Postoperative rehabilitation was carried out as follows: in cases with femoral cartilage defects, rehabilitation began with a continuous passive motion device after 24 hours of bed rest and drain removal. Weightbearing was limited to 20 kg for 6 weeks with increasing flexion. Rehabilitation for patellar defects was conducted with the patient using a knee brace with limited flexion of 30°for 2 to 3 weeks, which was gradually increased in the weeks thereafter. Full weightbearing was allowed with full extension after wound healing. Moderate physical activities were not allowed earlier than 3 months postoperatively.
Clinical Scores
The International Cartilage Repair Society (ICRS) Cartilage Injury Standard Evaluation Form 2000 was used as a basis for the assessment of subjective and objective clinical parameters, as well as the 2000 IKDC subjective knee evaluation form, and the visual analog scale (VAS) was used for the registration of pain at rest and on movement. The data were collected preoperatively and postoperatively (after 6, 12, 24, and 36 months), and the results were recorded in the standardized ICRS form. The IKDC and VAS used in this study are established and validated scores in the follow-up examination of cartilage regeneration procedures and have shown a high rate of reliability and reproduction in several studies. 9, 22 
T2 Relaxation Times
A follow-up MRI examination was performed after 6, 12, 24, and 36 months using a 1.5-T scanner (Magnetom Avanto, Siemens Medical) according to a predetermined protocol as described in previous studies. 21 A standard protocol including proton density-weighted sequences in 3 planes and a coronal T1-weighted sequence as well as either a coronal or axial (depending on the location of mb-ACI) T1-weighted fast low-angle shot (FLASH) sequence with selective water excitation and T2 multiecho sequence was performed (repetition time/echo time, 3000/13.2 ms; 8 echos; resolution, 0. morphometry with MRI, as demonstrated by Eckstein et al. 7 The measurements of cartilage were conducted in a blinded fashion by an experienced orthopaedic surgeon and a radiologist who specialized in musculoskeletal radiology.
The acquired Digital Imaging and Communications in Medicine (DICOM) data sets were transferred to a Unix workstation. Within the data sets, slices containing cartilage were manually segmented using the FLASH sequence. After the data were segmented, the cartilage plate was reconstructed 3-dimensionally through all segmented sequences. The next step contained the overlay of segmentation sequences with the multiecho data sets. Manual corrections were performed if differences between water excitation sequences and multiecho sequences were caused by movement of the patients during MRI examination. For T2 calculation, the segmented cartilage was subdivided into 3 zones from the subchondral bone to the cartilage surface and into 9 sections from the medial to the lateral border, resulting in 27 regions of interest (ROIs), with 70 picture elements per ROI for each cartilage plate (Figure 1 ).
Statistical Analysis
The retrieved data were analyzed using the statistics program SPSS (v 19, IBM Corp). The descriptive data are presented as the absolute and relative frequency of occurrence (mean 6 SD). The coherence between clinical and radiological factors to the various follow-up examinations was verified with multiple logistic regression analysis. Between preoperative and postoperative examination times, significant differences were determined using the Wilcoxon test for dependent samples and the Mann-Whitney U test for independent samples in the comparison of 2 groups at a certain time period. The level of significance was set at P \ .05.
RESULTS
The mean age of the patients was 32.9 6 9.4 years, and the mean body mass index was 23.7 6 3.4 kg/m 2 (range, 19.0-30.1 kg/m 2 ). Cartilage defect localizations were distributed as follows: 9 (69.2%) of the cartilage defects treated were femoral, and 4 (30.8%) were retropatellar. Femoral cartilage damage occurred predominantly on the medial femoral condyle (n = 7), and the other 2 defects occurred on the lateral femoral condyle. The mean cartilage defect sizes were 5.6 6 1.3 cm 2 (femoral) and 5.6 6 1.5 cm 2 (retropatellar).
T2 Relaxation Times
In our 13 patients, we measured a mean T2 relaxation time of 30.9 6 3.6 milliseconds for graft cartilage after 36 months (Table 1) . Compared with values at 6-month follow-up, ACI graft cartilage showed significantly decreasing relaxation times after 24 months (P = .000) and 36 months (P = .002). Significant changes were also seen after 24 and 36 months compared with the values at 12-month follow-up (P = .03 for both). No significant improvements were seen for ACI graft cartilage within 6-and 12-month follow-ups (P = .2).
The T2 relaxation time values between ACI graft cartilage and surrounding native cartilage showed significant differences at 6 months postoperatively. From this point, no significantly different T2 relaxation time values between ACI graft cartilage and healthy surrounding cartilage could be found, with almost the same T2 relaxation time values (Figure 2) . The T2 relaxation time ratio between ACI graft cartilage and native surrounding cartilage dropped from 1.23 after 6 months and continued to 0.94 after 36 months (Table 1 ).
Clinical Evaluation
The 13 patients from our study collectively showed a significantly higher IKDC score postoperatively after 6, 12, 24, and 36 months compared with the preoperative values (Figure 3) . The mean preoperative IKDC score was 29.7 6 25.5. During the postoperative observation period, the mean IKDC score increased to 57.3 6 17.0, with the greatest significance at 24 and 36 months postoperatively. From 24 months postoperatively, the IKDC score showed stable results without significant changes.
During the postoperative follow-up examinations, the IKDC score and T2 relaxation time demonstrated no Vol. 42, No. 9, 2014 Magnetic Resonance Investigation With T2 Mapping 2201 significant correlation (P = .70 at 6 months; P = .54 at 12 months; P = .66 at 24 months; P = .80 at 36 months). The VAS score for pain at rest showed significantly lower results after 6, 12, 24, and 36 months compared with the preoperative findings (3.4 preoperatively vs 1.3 after 36 months; P = .03) ( Table 2 ). The VAS score for pain on movement also showed significant improvement, from 7.2 preoperatively to 4.7 after 6 months (P = .02), 3.9 after 12 months (P = .001), 4.3 after 24 months (P = .01), and 4.7 after 36 months (P = .05).
DISCUSSION
The most important finding of the present study was that T2 relaxation time values showed an increasing harmonization between ACI graft cartilage and the native surrounding cartilage, with significant improvement of the ACI graft values over the observation period of 3 years. The treatment of full-thickness cartilage defects still represents a challenge. Autologous chondrocyte implantation has provided a well-established method for the treatment of full cartilage defects for almost 2 decades. 5, 16 However, the maturation process of the ACI graft is still unclear. At present, little is known about the influence of ACI graft maturation and its clinical relevance. Noninvasive, conventional MRI is the method of choice for the evaluation of articular cartilage in the knee and has been shown to be sensitive to morphological alterations at cartilage repair sites. 6, 8, 12, 13 The measurement of T2 relaxation time is a suitable method to determine the structure of cartilage, analyzing the water and collagen content, and has been useful in the characterization of cartilage and long-term tracking in several studies. 1, 11, 25, 29 Many different T2 relaxation times have been published in the literature. The most frequently measured time ranges are between 30 to 35 milliseconds for healthy cartilage and 34 to 41 milliseconds in knees with cartilage defects. 6, 19 For the first time, in this study, we analyzed T2 relaxation time values of ACI graft cartilage and the clinical results standardized after 6, 12, 24, and 36 months. In this study, all patients showed significant improvements in T2 relaxation time values for ACI graft cartilage within 6 (P = .002) and 12 months (P = .03). These significant improvements indicate a relevant change in the biochemical tissue parameters and provide a hint for graft maturation up to 1 year postoperatively. The T2 relaxation times improved from 41.6 milliseconds after 6 months to 30.9 milliseconds after 3 years. Nearly normal T2 relaxation time values for ACI graft cartilage were detected at 1 year postoperatively. This finding could represent the end of the maturing process of the ACI graft. After 1 year, the T2 relaxation time was not significantly different but still higher for ACI graft cartilage compared with the native surrounding cartilage. Completely harmonized T2 relaxation time values were found after 2 years postoperatively, which indicates completed maturation. At this point, no more differences in T2 relaxation times between graft cartilage and healthy cartilage could be found.
Welsch et al 27, 29 showed similar results after microfracture (n = 10) and mb-ACI (n = 10) in 20 patients. Within 1 to 2 years after surgery, graft cartilage had similar time values as healthy cartilage. No differences were found in localization in terms of MRI time values. However, the MRI follow-up was conducted after different time points and was not similar in both groups. A standardized MRI investigation was not performed in the postoperative course. A following study 28 investigating the morphological parameters on MRI of 2 different ACI procedures (Hyalograft C vs CaReS) showed comparable results after 24 months. However, differences were found in higher T2 values after ACI based on a collagen scaffold (CaReS).
In the present study, T2 relaxation mapping was performed in a standardized manner during the postoperative course of 3 years. The demonstrated results indicate that ACI grafts need at least 6 to 12 months for maturation. This assumption is supported by the results of a previous study. Watanabe et al 26 found that ACI graft cartilage maturation was completed after 9 to 12 months. This is of major interest regarding the postoperative rehabilitation protocol. In a previous study, it was shown that early resumption of physical activities leads to inferior clinical outcomes after mb-ACI in the knee joint. 17 Marlovits et al 11 determined on the basis of the magnetic resonance observation of cartilage repair tissue (MOCART) scoring system that ACI graft maturation is completed after 24 months.
We used the IKDC subjective knee evaluation form and the VAS for subjective clinical evaluation. Both scores have often been used in previous studies that have dealt with the mb-ACI procedure. The clinical outcomes of the IKDC and VAS showed significantly higher results after 6, 12, 24, and 36 months compared with the preoperative findings. However, the subjective IKDC score in this study population is low after 3 years, with a mean value of 57.3 and a high SD of 17.0. Nevertheless, we found a mean improvement from the preoperative subjective IKDC score of 27.6, which is comparable with scores in previous studies. 10, 15, 23 Twelve months postoperatively, the subjective IKDC scores were stable and significantly improved compared with the preoperative values. Regarding the question of influence of ACI graft maturation, disparities between the T2 relaxation time values and the detected results of the IKDC and VAS could not be found over the observation period. There was no significant correlation between clinical outcomes (IKDC) and T2 relaxation time values of ACI graft cartilage after 6, 12, 24, and 36 months. Also, we could not find a significant correlation between T2 relaxation time values and VAS scores of pain at rest (P = .3) and on movement (P = .4) after 36 months and earlier examination periods (P . .05) postoperatively.
One limitation of the study is the low number of cases. To obtain detailed information about ACI graft maturation and its clinical relevance, further prospective studies are necessary with a higher number of patients. Furthermore, it would be interesting to acquire more information about the cartilage structure and content of problematic ACI graft therapies with graft hypertrophy or postoperative pain.
Finally, the results of the current study demonstrate that ACI graft cartilage shows a significant improvement on T2 mapping over the observation period of 3 years, without a correlation with the clinical outcomes in IKDC and VAS scores. After 24 months postoperatively, no further T2 relaxation time differences between graft cartilage and healthy cartilage could be found. These findings support the theory that ACI graft maturation needs at least 12 months for regeneration and harmonization with the surrounding healthy cartilage. 
